Research into the physical properties of MoS 2 and other semiconducting transition metal dichalcogenides [1] (TMDs) has increased considerably in recent years, owing to their potential applications in post-CMOS electronics [2][3][4] , optoelectronics [5][6][7] and valleytronics [8][9][10] . Some of the properties of monolayer MoS 2 that are advantageous for electronic applications include a direct band gap of 1.8 eV [11,12] as well as a film thickness of less than 1 nm which gives superior electrostatic control of the charge density and current even at the transistor scaling limit [3, 13] . In spite of these favorable properties, the widely reported low electron mobility in monolayer MoS 2 poses a serious obstacle to its integration into post-CMOS nanoelectronics. The nature of charge transport in MoS 2 , especially at room temperature, remains poorly understood despite considerable amount of theoretical and experimental researches.
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For example, the theoretically predicted intrinsic phonon-limited mobility at room temperature is in the range of 200-410 cm 2 /Vs [14.15] while most experimentally reported values are much smaller [16] [17] [18] [19] [20] [21] [22] [23] . Before any semiconducting material can become useful for potential nanoelectronic device applications, a critical assessment of its intrinsic charge transport properties at room temperature is needed, requiring the realization of high-quality samples with carrier mobility in the phonon-limited regime.
The phonon-limited transport regime was demonstrated for graphene [24] and carbon nanotubes [25] . However, despite many recent efforts to improve carrier mobility by means of topgate [17] , chemical functionalization [21] and BN gate dielectrics [22] ,
phonon-limited transport regime has not been explicitly demonstrated in monolayer
TMDs including MoS 2 .
The possible reasons for the discrepancy between the theoretical upper limit and experimental data include Coulomb impurities (CI), traps and defects in low-quality samples [19] [20] [21] [22] [23] . These extrinsic sources of scattering have so far precluded any rigorous examination of the intrinsic scattering mechanisms that affect electron mobility. A particularly important source of scattering is from CI at the semiconductor-dielectric interface, which is believed to be the most important limiting factor in current MoS 2 devices [26] . Recently, it has been demonstrated that by sandwiching the monolayer MoS 2 channel between BN layers, CI scattering can be significantly suppressed, leading to a record-high mobility of over 1000 cm 2 /Vs at low temperatures [22] [23] . The technologically relevant room-temperature mobility, however, still lags the best devices on SiO 2 for reasons not well understood. Nonetheless, significant recent progress in reducing the deleterious effects of CI, traps and defects on the mobility [20] [21] [22] [23] begin to set the stage for the realization of room-temperature charge transport in the phonon-limited regime.
It has been shown experimentally that the deposition of a high-κ top oxide can increase the mobility of MoS 2 through the purported reduction of CI scattering [17, 27, 28] .
However, another significant, yet often overlooked, factor in the mobility improvement is the high carrier density that can be accessed experimentally in such dual-gated device configurations. In addition, the remote interaction between the electrons and the substrate surface optical (SO) phonons plays a crucial role in limiting charge transport in atomically thin crystals adjacent to high-κ dielectrics [24, 29] .
Therefore, determining quantitatively the contribution from the various scattering processes to the resistivity poses an enormous challenge that warrants a synergy between an experimental study of the electron mobility with precisely controlled device parameters (including carrier density n, dielectric constant ε, density of CI n CI , temperature T) and numerical modeling to interpret the mobility dependence on these parameters in terms of the underlying scattering mechanisms.
In this Communication, we perform a combined experimental and theoretical study of the electron transport in high-quality, thiol-treated monolayer MoS 2 supported on different substrates (SiO 2 , HfO 2 or Al 2 O 3 ). By suppressing the effects of CI scattering through dielectric and carrier screening, we are able to fabricate monolayer MoS 2 transistors with a room-temperature mobility of ~150 cm 2 /Vs, which is among the highest room-temperature mobility for monolayer MoS 2 devices [17, 22, 23] .
Given the excellent sample quality and simple device structure, we can extract quantitatively the contributions from CI, intrinsic and remote phonons. Our analysis confirms that the mobility in these devices is limited by intrinsic and remote phonons rather than CI at room temperature.
Before we report our mobility results, we first give an overview of the physics underlying the scattering of electrons by sources in the substrate. In supported MoS 2 , the electrons experience random static and time-dependent electric fields at the semiconductor-dielectric interface. These fields are physically created by the CI as well as by the dipoles of the oscillating metal-oxide bonds originating from the polar optical phonons in the dielectric. Therefore, in addition to scattering from the intrinsic acoustic and optical phonons, the interaction between the electrons and these fields introduces another two processes that limit electron mobility: (1) elastic scattering with the CI which are presumably located at the surface of the substrate, and (2) the remote interaction with the SO phonons.
The interaction between the electrons and the CI in the MoS 2 can be described by , where ( ) el q corresponds to the electronic part of the dielectric function and depends on the carrier density n. As n increases, screening becomes stronger, reducing the scattering potential and increasing the CI-limited mobility.
To illustrate the effect of screening, we plot in Fig. 1a the real space potential profile for a point CI in MoS 2 under four different scenarios. We observe a reduction in the size of the potential profile when there is polarization charge screening. The effective size of the CI also depends on the substrate dielectric constant which directly reduces the bare potential as well as indirectly weakens polarization charge screening.
Therefore, a combination of high κ and high carrier density is most effective in reducing the effective size of the CI, as shown in the lower right panel of Fig. 1a .
However, on the HfO 2 substrate, despite the large increase in carrier density, the reduction in the profile is not substantial. This is because a high permittivity weakens all Coulomb interactions, including screening.
The variation in κ and n also affects the CI-limited mobility μ CI . Figure 1b with n CI = 1×10 12 cm -2 . The μ CI increases monotonically with n because screening of CI becomes more effective at higher carrier density. Given that CI scattering is the dominant scattering mechanism in most MoS 2 samples, this indicates that the experimental mobility should be measured over a wide range of n before a meaningful comparison can be made with numerical models and that a higher carrier density is required to reach greater mobility. A less intuitive result is the decrease in μ CI as a function of T, which is due to the weakening of the charge polarizability at higher temperatures and is often interpreted mistakenly as a signature of phonon-limited charge transport. This μ CI decrease has also been shown to be proportionally smaller for a high-κ substrate [30] . Fig. 1c is proportionally smaller at high n because the greater screening by the polarization charge diminishes the screening by the substrate (Fig. 1d) .
The other major external process that affects the electron mobility is its remote interaction with the substrate SO phonons, described by the term insulators and is given in Table 1 . Generally, SO is larger for strongly polar (high-κ) dielectrics such as HfO 2 and shares the same physical origin as the high permittivity of the dielectric. In a highly polar insulator, the bonds can be polarized more easily in response to an external electric field and screen a CI more effectively.
However, the large polarization from the oscillating metal-oxide bond in the dielectric also couples the associated lattice vibration (phonon) more strongly to free carriers at the surface [33] . As expected, HfO 2 (SiO 2 ) has the largest (smallest) average SO of the three oxides studied in this work and the strongest (weakest) remote phonon scattering as well as the lowest (highest) SO phonon-limited mobility μ SO , shown in Compared to the topgate devices, our devices are free from the impurities and contaminations introduced in the topgate fabrication [34, 35] , and much easier to model quantitatively. and low temperature 21 , we focus our discussion on the opposite limit (n>7×10 12 cm -2 )
in order to unambiguously model CI and phonon scattering without being complicated by traps. Fig. 2b shows the four-probe field-effect mobility Recently, it was suggested theoretically that high-κ dielectrics are not ideal substrates for ultra-clean MoS 2 because of remote phonon scattering 26 . Our calculation concurs with this proposition. Ultimately, the effective dielectric screening in a high-κ dielectric shares the same physical origins as the strong remote phonon coupling ( SO ): both are due to the large ionic polarizability of the metal-oxide bond.
When the density of CI is reduced, low-κ dielectrics with less polar nature (such as BN and SiO 2 ) will be advantageous. Fig. 2d Let us now discuss another important aspect of screening by charge carriers, which is manifested experimentally in the carrier-density-dependent mobility. In Fig.   3a we plot the mobility of device H1 under n=10.5×10 12 in line with the modeling results using the parameters in Table 1 (solid lines). The contribution from phonons (blue shaded region) and CI (yellow shaded region) are plotted separately. The monotonic increase of μ with n is due to the screening effect of both μ CI and μ SO . After subtracting the contribution of phonons, we find that μ CI has a linear relationship with n for all the devices (Fig. 3b) . This is because at high temperatures, the polarization charge is diluted so that screening is significantly weaker and the scattering cross section of the CI is similar to that of the bare CI, especially when the substrate κ is high. For a 2D electron gas with a parabolic dispersion, it is known that scattering with a bare Coulomb potential leads to a mobility proportional to n. [36] In Fig. 3b , the mobility value and the linear coefficient vary among devices due to different n CI and κ. The variations of n CI can be normalized
, which has a unit of conductivity (Fig. 3b inset) . After the normalization, devices on the same high-κ substrate collapse onto the same curve, well described by our modeling (lines in Fig. 3b inset) . The curve for HfO 2 is higher than the one for Al 2 O 3 because the former's larger dielectric constant reduces the effective charge on its CI, resulting in a proportionally smaller scattering cross section.
This consistency provides further evidence that we have accurately differentiated the CI contribution to the resistivity from the phonon contribution.
Another reason for the improved mobility is the screening-induced reduction in remote phonon scattering and μ SO (Fig. 3a, dotted lines) . Recall that the SO phonons are associated with the oscillating polarized metal-oxide bonds in the dielectric.
However, the large polarization of the bond also couples the SO phonon to the surface 21 charge from the MoS 2 , giving rise to screening of the electron-phonon coupling and a smaller contribution to the resistivity.
In conclusion, by systematic engineering of the material quality, dielectric environment and carrier density, we are able to achieve room-temperature 
Details of theoretical calculations
To analyze the electron mobility in monolayer MoS 2 , we use a semiclassical model based on the relaxation time approximation. The electrons are assumed to move diffusively in the MoS 2 sheet, with an effective mass 1 of m* = 0.48m 0 where m 0 is the free electron mass.
However, their mobility is limited by scattering processes intrinsic and extrinsic to MoS 2 . The expression for the electron mobility is given by 2, 3
where e , n , , B k and T are the electron charge quantum, the electron density, the Planck constant divided by 2π, the Boltzmann constant and the temperature, respectively.
The functions ( ) f E and ( ) E in turn represent the Fermi-Dirac distribution and the momentum relaxation rate. The total electron mobility is computed using Matthiesen's rule
where CI , ph and SO are the individual mobilities limited by scattering with CI, intrinsic phonons or SO phonons, respectively, and calculated using Eq.
(S1) with the scattering rates CI (Coulomb impurities), ph (intrinsic phonons) or SO (surface optical phonons). The details of how the scattering rates are given in the following discussions.
a. Coulomb impurities
Coulomb impurity scattering is due to the charge centers near the oxide surface and also to sulfur vacancies within the MoS 2 , and is known to be a major source of resistance to electron conduction in 2D crystals. It was shown by Ong and Fischettitransport can have an electron mobility temperature dependence that is similar to that in phonon-limited charge transport.
The screened potential can be expressed as The CI scattering rate is ( ) is the usual Heaviside function.
In the long wavelength limit, the intravalley polar longitudinal optical (Froehlich) phonons can couple with the electron gas and undergo screening. , calculated using the parameters in Table S1 . ph decreases with temperature and reaches ∼420 cm 2 /Vs at 300 K which is the maximum room-temperature electron mobility if there is no scattering with CI and SO phonons and in good agreement with published results 1, 4 . Fig. S1b shows ph as a function of carrier density at 300 K. As we increase n, ph grows initially because of the screening of the Froehlich coupling reduces its contribution to the intrinsic phonon scattering rate. However, at higher n, the scattering rate increases because the Fermi level is at the higher energy states where there is greater optical phonon (LO, HP and Fr.) emission and the corresponding scattering rate increases. 
c. Surface optical phonon scattering
Another source of electron scattering is through remote interaction with the polar optical phonons in the dielectric substrate 4, 7 . We assume that there are two phonon modes in 
Growth and characterizations of high-oxides
We grew 10nm thick high-κ oxide on SiO 2 /Si substrate by Atomic Layer Deposition (ALD).
Before ALD, the substrate was thoroughly cleaned by acetone and isopropanol. We characterized the oxide films by surface roughness and dielectric constant measurements. The average mean-square roughness (R q ) calculated by AFM images is less than 0.2nm (Fig. S3a, b) , similar to the SiO 2 substrate (Fig. S3c) . This confirms the highly uniform and smooth surface of high-κ oxides, which is important for low CI. We measured the dielectric constant of the oxides by standard capacitance measurement with Au/oxide/Au structure using the Agilent E4980A precision LCR meter. The thickness of the oxides is ~100nm as obtained by AFM. We used the capacitance value at 10kHz, due to the negligible change of capacitance in low frequency regime. 
Sample preparation, device fabrication and electrical measurements
We used the double-side MPS treatment reported in Ref. 10 for all samples studied here. Briefly, the 10nm high-κ oxide/285nm SiO 2 /Si substrate was first subjected to a 30-min UV/ozone treatment to hydroxylate the oxide surface. The substrate was then dipped in a 10%
(v/v) MPS/dichloromethane solution for 12 h in a dry glove box to grow MPS self-assembled monolayer. When MPS growth was finished, the substrate was sonicated in dichloromethane followed by thorough rinsing with dichloromethane and IPA, and drying with N 2 . We then exfoliated monolayer MoS 2 from natural flakes (SPI Supplies) on the MPS-treated substrate. After exfoliation, the sample was dipped in a fresh solution of 1/15
(v/v) MPS/dichloromethane for 24 h in a dry glove box to grow MPS on the top side of Table 1 for fitting parameters). The blue dash line is calculated CI-limited mobility. The black dot line is the calculated phonon-limited mobility. (c)
Field-effect mobility as a function of temperature at different carrier densities. The solid lines are the calculated results using parameters in Table 1 . From top to bottom, n=1.0×10 . 
